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Abstract 
Synthesis of MXene-Epoxy Nanocomposites 
Jay B. Shah 
Advisor: Prof. Yury Gogotsi 
 
 This thesis explores the synthesis of MXene-epoxy nanocomposites. MXenes are 
a family of two-dimensional materials which display versatile chemistries that allow the 
material to be tuned for applications that include electrochemical storage devices, 
electromagnetic interference shielding devices, and catalysts, to name a few. Composites 
of MXenes with a variety of polymers have been produced, and they show enhanced 
mechanical and electrical properties. In this work, epoxy composites with MXenes are 
synthesized, because the use of  a platelet-like filler allows property enhancements such 
as 2D stress transfer, and the formation of diffusion barriers and percolating thresholds. 
Complete exfoliation of the multilayered MXenes into their 2D sheets is desired in order 
to realize these property improvements. 
Two different techniques of producing MXene-epoxy composites are evaluated. 
The first is a tradition in situ polymerization technique, which involves the dispersion of 
the filler in a volatile solvent. Acetone was used to disperse Ti3CNTx into single layers, 
before the dispersion was mixed with epoxy. The other technique involves the application 
of laminar shear stress on multilayered Ti3C2Tx particles, in order to exfoliate them into 
single layers dispersed in the epoxy matrix. In this system, a room temperature ionic 
liquid (RTIL) is used as the dispersant for the filler and the initiator for epoxy cure.  The 
problems associated with MXene exfoliation, nanoparticle dispersion, and nanocomposite 
x 
 
synthesis are considered while evaluating these methods of synthesizing these 
composites.  
It was found that while a few single layers of Ti3CNTx were successfully 
exfoliated, a majority of the particles were still multilayered. The physical performance 
of the composite was lackluster as a result of this poor exfoliation and dispersion. The 
lack of covalent bonding between Ti3CNTx and epoxy, and the lack of wettability of the 
filler are also areas of concern. In the Ti3C2Tx-epoxy-RTIL composites, the exfoliation of 
single layers was also not accomplished. Despite approximate shear stresses experienced 
by the particles being higher than the theoretically predicted interlayer coupling, stacked 
Ti3C2Tx particles were observed. Instead, the Ti3C2Tx particles had undergone swelling, 
which resulted from the intercalation of the RTIL. Upon application of sufficient shear 
stress, intercalation of bigger molecules was observed. Better properties were also 
obtained, leading us to hypothesize that epoxy intercalation has occurred. The reasons for 
poor exfoliation and poor dispersion are detailed, and future areas of study for better 
understanding of the MXene-epoxy system are proposed. 
 
  
xi 
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1. Introduction 
 
1.1 Motivation and Approach 
This thesis investigates the synthesis of MXene-epoxy nanocomposites. MXenes 
are a family of two-dimensional crystals with high aspect ratios. Like other 2D materials, 
many applications of these materials have been investigated, ranging from 
electrochemical storage devices to reinforcement in composites. Epoxy composites made 
with 2D materials are predicted to have superior mechanical, thermal and electronic 
properties. As of 2017, I am not aware of any reports on the synthesis or properties of 
MXene-epoxy composites. Composites of MXenes with other polymers have been made, 
and show improved mechanical and electrical properties. Interesting chemistries and 
potential applications have been found for these MXene composites. With this in mind, 
the processing of MXene-epoxy composites has been studied in this work.  
Attempts were made especially to produce these composites via methods that are 
scalable and simple. MXene exfoliation into single layers and their dispersion are of 
particular importance in order to fully realize the potential of the composite material. 
Cost-effective methods and scalable methods of delaminating MXene single layers from 
their multilayered precursors are necessary if they are to be used widely. Similarly, a 
good dispersion of MXenes in composites is required for mechanical reinforcement and 
transport property modifications. In this study, both traditional amine curing agents and 
novel room temperature ionic liquid hardeners have been used for the synthesis of 
MXene-epoxy composites.  
2 
 
 
1.2 Background 
1.2.1 Epoxy Chemistry 
Epoxies are a type of thermosetting polymer in which a 3-D cross-linked network 
is formed.
1
 Covalent bonds between the epoxy monomers are formed after curing, 
creating a solid material that cannot be remolded.
2
 The mechanical, thermal and chemical 
properties of this material can be tuned by changing the monomers, changing the extent 
of network formation, or adding reinforcement phases. Figure 1.1 shows three 
monomeric or oligomeric epoxy structures that are based on bisphenol or polyphenolic 
structures. Bisphenol-based epoxy monomers are the most common, as they have a low 
viscosity for processing, along with high crosslinking density and stiffness. Of particular 
interest in this thesis is the Diglycidyl Ether of Bisphenol A (DGEBA) oligomer, seen in 
Fig 1.1(A). Some other thermosetting polymers are vinyl esters and polyurethanes. 
Thermosetting resins are widely used today as the matrix for fiber-reinforced composites 
for high performance structural applications. They are also used as adhesives to provide 
bonding between complex parts, or as high performance coatings due to their thermal and 
chemical resistance. 
3 
 
 
Figure 1.1: (A) Diglycidyl ether of bisphenol A (DGEBA,  tradename: EPON 828), (B) 
Dibsphenol E Cyanate Ester (tradename: Primaset LECY), and (C) oligo(3-methylene-1,5-
phenylenecyanate ester) (tradename: Primaset PT-30). Adapted with permission from [3]. 
 
The reaction of epoxies occurs via nucleophilic addition reactions that cleave the 
oxirane ring.
4
 The two reaction mechanisms that can accomplish this are seen in Figure 
1.2. The first reaction pathway is step growth polymerization in which the epoxy 
monomers react with primary and secondary amines. The epoxy-amine ratio is critical in 
order to create the most optimum structure. Excess epoxy or hydroxyl impurities can 
result in competing etherification reactions that decrease crosslinking density and the 
glass transition temperature (Tg). The second reaction mechanism is chain extension 
polymerization promoted by a cationic initiator, which initiates the anionic opening of the 
epoxide ring. In this mechanism, there is no optimum hardener-epoxy ratio. But the 
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concentration of the hardener used will affect the material properties, as the average 
molecular weight between crosslinks will decrease as hardener concentration increases. 
Figure 1.2(A) shows the step growth polymerization of epoxy monomers, and (B) shows 
the chain extension mechanism of forming a crosslinked epoxy network. 
 
 
Figure 1.2: (A) Step-growth polymerization of epoxy carried out by a primary or secondary 
amine, and (B) anionic initiation of the chain extension of epoxy. Adapted with permission from 
[3]. Epoxy monomers with more than one oxirane ring produce a thermoset network. 
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One class of compounds which have demonstrated the ability to initiate chain 
extension of epoxy monomers are imidazolium-based room temperature ionic liquids 
(RTIL).
5.6
 These compounds are a class of salts that remain molten at room temperature 
because of their irregular structure and large ionic size.
7,8 
The asymmetrical, irregular 
shape of the salt molecules means that crystal packing is prevented.
9
 The large ionic size 
means that they have a large ionic-association length that decreases the lattice energy.
10 
Most RTILs consist of a heterocyclic cation and an inorganic anion. The ionic nature of 
these chemicals means there are both anionic and cationic sites that can allow for 
chemical processing, reaction chemistry or catalysis.  
In this thesis, both step growth and chain extension polymerization of epoxies has 
been used to synthesize epoxy nanocomposites. The RTIL, 1-ethyl-3-methyl imidazolium 
dicyanamide (EMIM-DCN) has been investigated to promote the chain extension 
mechanism. Figure 1.3 shows the mechanism by which EMIM-DCN initiates epoxy 
chain extension. This reaction consists of two adducts and two etherification reactions.
3,11
 
A carbene forms on the imidazolium ring, with its positive charge stabilized by the 
dicyanamide anion. The structure of the anion remains intact throughout the reaction. The 
carbene begins the anionic opening of the oxirane ring, which creates an anionic adduct 
structure.  The adduct reacts similarly with other epoxy monomers or chains initiating the 
chain extension step. EMIM-DCN is particularly interesting to cure epoxies because it is 
a latent curing agent. It is miscible in the DGEBA epoxy resin, and can initiate cure only 
at elevated temperatures (T>80°C).
5
 The mixture of this RTIL and DGEBA can remain 
stable in liquid form for many months at ambient conditions. The broad processing 
window of this mixture makes it of interest for applications requiring long shelf lives 
6 
 
such as filament winding or adhesives. Moreover, EMIM-DCN has shown the ability to 
disperse silica
12
, graphite nanoplatelets
12
 and carbon nanotubes
12,13
, which allows the 
processing of nanocomposites with increased efficiency. The mixture of DGEBA and 
EMIM-DCN has also been used to mechanically exfoliate graphite to form graphene-
epoxy nanocomposites.
14
   
 
 
Figure 1.3: Chain polymerization of DGEBA by an imidazolium dicyanamide based. Adapted 
with permission from [11].
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1.2.2 Nanocomposites 
Polymer nanocomposites contain inorganic particles that have high aspect ratios, 
and at least one dimension that is in the lengthscale of 1-100 nanometers.
15
 The 
nanocomposites potentially offer enhanced electrical, mechanical and thermal 
properties.
16
 The filler particles in nanocomposites do not extend continuously all 
throughout the composite part, unlike in conventional fiber-reinforced composites.
17
 This 
limits their potential for mechanical reinforcement. However, more fundamental 
improvements of the matrix are possible due to their small size. The exceptional 
properties of nanometer-sized materials, the modification at the polymer-particle 
interfacial region of the polymer network, and the formation of percolation structures 
allow nanocomposites to exhibit property enhancements.  
The addition of nanoparticles modifies the mechanical properties of the matrix, 
with reinforcement dependent on particle geometry
18
, nanoparticle dispersion
19
 and 
interfacial stress transfer
20
. The reinforcement potential of nanoparticles is limited as a 
result of the morphology of their distribution, because it is not continuous like in 
traditional fiber-reinforced composites. Nonetheless, improved tensile modulus
21
 and 
fracture toughness are observed
22,23
. The high surface area to volume ratio of 
nanoparticles allows increased fracture toughness by mechanisms such as crack 
bridging
24
, crack deflection
25,26
, crack pinning
27
, or plastic void growth
26
. Other 
properties such as coefficient of thermal expansion and thermal stability are also 
enhanced because of the addition of stiff nanoparticles. Moreover the properties of 
nanocomposites are modified as a result of the formation of percolation or barrier 
networks that control transport properties. Epoxies, like other thermosets, are electrical 
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insulators with moderate thermal transport coefficients. The addition of high-aspect ratio 
nanoparticles offers alternate transport pathways via the formation of percolating 
networks of highly conductive filler.
28
 The quality of filler dispersion and filler geometry 
affects this network. Meanwhile, plate-like particles form diffusion barriers which 
decrease the diffusion rates of liquids and vapors.
29,30 
 
1.2.3 Nanoparticle selection 
Nanoparticles come in varying dimensions: rod-like (1D), plate-like (2D), and 
particulate (3D). The aspect ratio and geometries of these types of nanoparticles affects 
the type of property improvements, mechanical reinforcement, and type of network 
formed when used to make composites.  
One-dimensional rod-like particles, similar to fibers in conventional fiber-
reinforced composites, offer improved stress transfer efficiency. They also reach their 
percolation threshold, above which long-range connectivity exists, at lower volume 
fractions as compared to other geometries. The composites made from these fillers also 
show enhanced toughness behavior as a result of crack bridging during fracture. Some 
examples of rod-like nanoparticles are cellulose nanofibers
31,32,33
 and carbon 
nanotubes
34,35
. Cellulose fibers have a polymer miscible interface, and hence are used for 
mechanical reinforcement. Carbon nanotubes provide increased fracture toughness and 
electrical conductivity at low volume fraction loading. The limitation of using rod-like 
nanoparticles is the problem of their dispersion in polymers, which is complicated by 
9 
 
clumping and entanglement, and thus physical processing and favorable solvent 
chemistry is required for processing. 
Plate-like, two-dimensional nanoparticles also form a percolating threshold at 
relatively low volume fractions.
36
 They possess unusual electronic, mechanical and 
optical properties, and hence have been studied extensively in a wide variety of 
applications.
37-42
 In nanocomposites, two-dimensional stress transfer and diffusion 
barriers are the benefits of the addition of this type of filler. Examples of plate-like 
nanoparticles are smectite clays
29,30,43
 and graphene or few-layer graphite 
nanocomposites
44,45,46,47
. Graphite has been used as filler for polymer composites
48
 even 
before graphene was discovered in 2004
49
. The discovery of graphene has accelerated 
research on their use in producing nanocomposites. Smectite clay nanocomposites offer 
enhanced mechanical properties such as Young’s modulus and tensile strength, with other 
properties such as fire retardancy, barrier resistance, and ionic conductivity also showing 
improvement. Similarly, graphene nanocomposites demonstrate some of the improved 
properties of the clay nanocomposites, along with having high electrical conductivity. 
Issues encountered during the processing of 2D materials in composites are the problem 
of dispersion, and the problem of exfoliation into single- or few-layered flakes. 
Intercalation chemistry or physical exfoliation methods need to be used to exfoliate these 
nanoparticles. 
Lastly, 3-dimensional particulates have also been used to make nanocomposites. 
They have an aspect ratio approximately equal to 1, and hence only form a percolation 
network at high volume fraction loading. This limits enhancements to transport 
properties. But mechanical properties such as stiffness and toughness are enhanced as 
10 
 
crack propagation is arrested, such as in silica nanoparticles.
50
 The processing parameters 
to note when making these nanocomposites are particle size (including average diameter 
and polydispersity), dispersion quality, and nanoparticle interface.  
In this thesis, a novel family of two-dimensional transition metal carbides and 
nitrides, called MXenes have been used to synthesize epoxy nanocomposites.  
 
1.2.4 MXenes 
MXenes are a class of two-dimensional transition metal carbides, carbonitrides 
and nitrides that were first reported in 2011.
51,52
 They possess the general formula 
Mn+1XnTx (n=1-3) where M represents an early transition metal, X is carbon, nitrogen or 
both, and Tx denotes surface terminations such as hydroxyl, oxygen or fluorine.
53
 They 
are formed by the selective etching of certain atomic layers from layered precursors such 
as MAX phases. MAX phases are a family of layered ternary carbides and nitrides that 
have the same Mn+1AXn formula, with the A element, representing a group 13 or 14 
element, is interleaved between the Mn+1Xn layers.
54
 The M-A bond in MAX phases is 
more chemically reactive than the stronger M-X bond, and hence selective etching of the 
A-elemental layer is possible. Ti3C2Tx was the first reported MXene, formed by the 
selective etching of the aluminum layer from its precursor Ti3AlC2 MAX phase.
51
 More 
than 19 different MXenes have been synthesized thus far.
55-60
 Dozens more are 
theoretically predicted.
61
  
Various methods of synthesizing MXenes have been discovered, with MAX 
phases not the only precursors available for their synthesis. But MXenes, which have 
11 
 
been synthesized from MAX phases,  can only be successfully etched when the MAX 
phases have Al as the A-element, even though more than 10 different Group 13 or 14 
elements can be used to make MAX phases. Acidic aqueous fluoride-containing solutions 
have been used to etch the Al layer, such as aqueous hydrofluoric acid (HF)
53
 or in situ 
HF formed through the reaction of hydrochloric acid and a fluoride salt
62
. MXenes have 
also been synthesized from non-MAX phase precursors. Examples are Mo2CTx which is 
synthesized by etching the Ga layers from Mo2Ga2C
60,63
, and  Zr3C2Tx which is 
synthesized by selectively etching the aluminum carbide (Al3C3) layers from Zr3Al3C5
64
. 
High temperature etching can also yield MXenes as was shown by etching the Al layer 
from Ti4AlN3.
59
 All these etching methods do not create single flakes of the MXene, but 
rather stacked multilayered MXenes which then have to be delaminated into single 
flakes. In order to do this, first MXenes have to be intercalated by polar solvents, such as 
dimethyl sulfoxide (DMSO)
65,66
, or large organic base molecules, such as 
tetrabutylammonium hydroxide (TBAOH)
67
. Intercalation of these molecules in MXenes 
has to be followed by mechanical vibration or sonication in water to yield colloidal 
solutions of single- or few-layer MXenes. In the case of the in situ HF synthesis route, 
colloidal solution of MXene flakes can be obtained by washing the reaction mixture till 
its pH reaches 6, without any additional step.
68
 The acidic-fluoride containing solutions 
used to etch MXenes impart a mixture of –F, -OH and –O surface terminations, 
abbreviated by using Tx. The etching conditions and delamination steps that differ for 
MXenes, also impart different surface terminations. 
MXenes possess both metallic conductivity of transition metal carbides and 
hydrophilicity as a result of their –OH or –O surface terminations. The wide variety of 
12 
 
transition metals that can be used to make MXenes shows the possibility of using them in 
applications ranging from electrochemical storage devices, such as battery 
electrodes
56,69,70
 or electrochemical supercapacitors
55,62,71
, to electromagnetic interference 
shielding devices
72
. Structural polymer composites
73,74
, water purification
75-77
, dye 
adsorption
78
, and electrocatalysts
79,80
 are some other applications for which MXenes have 
been investigated.  In this thesis, the synthesis of MXene-epoxy nanocomposites has been 
studied.  
 
1.2.5 Graphene-epoxy nanocomposites synthesis 
The graphene-epoxy nanocomposites system is most similar to the MXene-epoxy 
system investigated in this thesis. They both consist of epoxy matrices reinforced with 
two-dimensional, layered nanoplatelet structures. The exciting properties of the graphene 
nanoplatelets have made them a promising filler material in epoxies, to enhance their 
thermal, electronic and mechanical properties.
81-85 
The study of MXene nanocomposites 
is conducted in light of similar promising property improvements. In order to obtain the 
potential property enhancements effective dispersion is a necessary parameter.
86-88
 
Dispersion depends on both kinetics and thermodynamics. Thermodynamically, a good 
solvent for the filler ensures resistance to agglomeration and results in a good interface 
between the filler and polymer. Kinetically, processing methods such as sonication and 
shear mixing are required to deagglomerate the nanoplatelets and create a uniform 
distributed material. The problem of dispersion, in nanocomposites in general, is a 
practical concern, dependent on chemical and physical processing, processing time, and 
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polymer cure. Significant research has been done to explore processing methods, both 
chemical solvent selection and physical dispersion methods. Below are a variety of 
methods used to synthesize epoxy nanocomposites with graphene sheets or expanded 
graphite.  
One of the most common methods of epoxy nanocomposite synthesis is in situ 
polymerization
86,87
. In this method, the material is chemically pre-treated in order to 
make it into a nanoparticle. Next, the nanoparticle is dispersed into volatile solvent by 
physical methods, followed by mixture with the epoxy monomer. The volatile solvent is 
then removed, and a hardener is added to cure the composite. Two primary methods of 
chemical pretreatment to make graphite sheets exist
88,89
: the reduction of graphite oxide 
(GO) which produces chemically altered single-layers of graphene
90-95
, and acid 
intercalation followed by thermal shock which produces few-layered stacks of expanded 
graphite (EG)
96-104
. The chemically-modified graphene (GO) nanosheets are dispersed in 
volatile solvents that are miscible in epoxy, such as acetone, via physical processing 
methods. Meanwhile, the expanded graphite is either dispersed in acetone as well or 
sometimes directly into the epoxy resin
101
, when making epoxy nanocomposites. Several 
design challenges are posed when using in situ polymerization to make nanocomposites. 
Particle suspension, agglomeration and sedimentation issues, solvent removal issues, and 
particle-polymer interface issues are all affected by the type of processing pathway used. 
Similar concerns are compounded by scalability, materials cost and volatiles management 
when thinking about commercial manufacturing. These problems complicate the design 
and extend the processing time associated with producing epoxy composites on an 
industrial scale.  
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Instead, an alternate synthesis approach to epoxy nanocomposites that is simpler 
and straightforward is to use room temperature ionic liquids (RTILs) as the solvent for 
dispersion and curing agent.
7,9
 They have been shown to electrochemically exfoliate 
graphite in graphene sheets
105-107
. Cation-π stacking108 and electrostatic shielding109 
between graphite and RTIL have been suggested as reasons for their favorable 
interaction. Epoxy nanocomposites of carbon nanotubes and graphite nanoplatelets have 
been produced by using EMIM-DCN as the dispersant.
12,13
 Shear was applied to mix the 
epoxy, RTIL and nanofillers to produce epoxy nanocomposites with properties 
comparable to nanocomposites produced using in situ polymerization. Figure 1.4 shows 
the ease of processing composites using shear, without the need for solvent removal.  
 
 
Figure 1.4: Schematic comparing in situ polymerization involving a volatile solvent with epoxy 
nanocomposites processing using RTIL as a solvent and initiator.
 
Adapted with permission from 
[12].
 
 
An issue that needs to be highlighted when producing nanocomposites is that the 
interface between the filler and matrix is an important determinant of material properties. 
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The nanofillers have a high specific surface area, and hence the interfacial region 
becomes a dominant portion of the volume fraction of the matrix. The issues at the 
interface can be broken down into 3 factors, namely covalent bonding, wetting and 
particle clumping. A good interface features covalent bonding between the matrix and 
filler for optimum mechanical properties, as stress transfer can occur. But stress transfer 
can also occur without covalent bonding, as long as the wetting of the filler is sufficient. 
If wetting is poor, then the nanoplatelet acts as a void in the material, instead of as a 
reinforcement. Lastly, if particle clumping occurs when they are poorly dispersed, 
potential property enhancements will be hurt.  
 
1.3 Overview 
This thesis aims to show the success in using both in situ processes dependent on 
step growth polymerization, and laminar shear process that require chain extension 
polymerization to create MXene-epoxy nanocomposites.  
Chapter 1 provides a background on epoxy chemistries, RTILs, MXenes, and 
nanocomposites and their synthesis. It introduces the motivation and approach taken to 
synthesize MXene-epoxy nanocomposites in this thesis. It also identifies parameters with 
which to judge the quality of composites synthesized.  
In chapter 2, detailed descriptions of the synthesis techniques for making the 
MAX phases, MXenes and MXene-epoxy nanocomposites are given.  Techniques used to 
characterize the nanocomposite are also discussed.  
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Chapter 3 provides results on Ti3CNTx-epoxy composites synthesized using the in 
situ polymerization method. The concerns regarding the method to make these nacre-like 
artificial structures, and the concerns regarding filler and epoxy interaction are detailed.  
Chapter 4 examines the use of laminar shear stresses to exfoliate single layers 
from multilayered Ti3C2Tx while dispersed in an epoxy and RTIL mixture. The 
effectiveness of producing good nanocomposites from this initiator-dispersant system are 
quantified, and the mechanisms of exfoliation and intercalation of the Ti3C2Tx layers are 
explored.  
Finally, chapter 5 offers a summary of the work carried out in this thesis. It also 
offers suggestions for future work to optimize the MXene-epoxy processing, and 
identifies other areas for exploration related to the chemistry of the MXenes. 
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Chapter 2: Materials and Methods 
 
2.1 Synthesis of the MAX Phases 
 The MAX phases synthesized in this work are Ti3AlC2 and Ti3AlCN. The 
Ti3AlC2 powder was synthesized by first mixing Ti2AlC (>92wt.%, Kanthal, Sweden) 
and TiC (99%, Johnson Matthey Electronic, NY) in a 1:1 ratio, using zirconia balls in a 
plastic jar for 24 hours. The mixture was heated to 1350°C for 2 hours under argon, Ar, 
in a tuber furnace at a heating rate of 10°C/min. The Ti3AlCN powder was produced by 
mixing titanium (99.5%, Alfa Aesar, Ward Hill, MA), AlN (99%, Sigma Aldrich, St. 
Louis, MO) and graphite (99%, Alfa Aesar, Ward Hill, MA) in a 3:1:1 ratio for 24 hours. 
The mixture was heated in a tube furnace under Ar at 1500°C for 2 hours, at a heating 
rate of 10°C/min. The MAX phases produced were furnace cooled to room temperature, 
and the resulting powder compact was milled using TiN coated drill bits to obtain 
powder. The Ti3AlC2 powder was sieved through a -200 mesh to obtain particles of size 
<35µm, while Ti3AlCN was sieved through a -400 mesh to obtain <75µm powder. 
 
2.2 Synthesis of MXenes 
The exfoliation of the MAX phases to form their MXenes was carried out by 
using hydrofluoric acid (HF) (48-51%, Fisher Scientific, Fair Lawn, NJ). The sieved 
precursor powders were immersed in HF in a plastic container and stirred at 400RPM. 
The Ti3C2Tx synthesis was carried out by using 10% HF at 35°C for 18 hours to etch its 
MAX phase. The Ti3CNTx synthesis was done by using 15% HF at 35°C for 18 hours to 
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etch the Ti3AlCN phase. One gram of each MAX phases powder was added to 10 ml of 
the HF solutions used. After the specified etching time was completed, the contents of the 
reaction vessel were washed several times using deionized (DI) water and a centrifuge. 
The MXene particles sedimented after centrifuging at 3500 RPM for a few minutes, and 
the liquid was decanted and fresh DI water was added to disperse the sediment. This step 
was repeated until the decanting liquid had a pH of approximately 5. The sediment was 
dispersed in DI water once more, and filtered using a vacuum filtration setup, yielding 
multilayered MXene particles. The Ti3C2Tx powder was used in its multilayered form in 
this thesis, and no delamination step was required.  
Meanwhile, to produce delaminated flakes, the multilayered Ti3CNTx powder was 
added to tetrabutylammonium hydroxide (TBAOH) (40wt% in water, Sigma Aldrich, St. 
Louis, MO) in a ratio of 1gram powder to 10ml solvent and stirred for 2 hours. The 
mixture was centrifuged at 3500 RPM for 5 minutes, the supernatant was discarded, and 
the sediment was dispersed in 50 ml of DI water. This Ti3CNTx mixture in water was 
added to a 50ml glass vial, and sonicated using a probe sonicator at 1 hour, while a 
cooling system was used to cool the mixture to -10°C. After sonication, the solution was 
centrifuged for 1 hour at 3500 RPM, and the resulting black supernatant is a delaminated 
solution of Ti3CNTx in DI water. This dispersion was filtered into films by vacuum 
filtration, in order to be used in epoxy processing. 
 
2.3 Epoxy Synthesis 
 The delaminated Ti3CNTx film was used to make epoxy nanocomposites using an 
in situ polymerization technique, while the Ti3C2Tx powder underwent a laminar shear 
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processing regimen to create epoxy composites. DGEBA (Miller-Stephenson EPON 828, 
EEW 188gram/eq) was the epoxy monomer used in both techniques. The amine curing 
agent used was 4,4’-diaminodicyclohexylmethane (PACM curing agent, Air Products, 
AEW 52.5g/eq). EMIM-DCN (1-ethyl-3-methylimidazolium dicyanamide, >98.5%, 
Sigma Aldrich, St. Louis, MO) was the RTIL used. 
 
2.3.1 In-situ polymerization 
The filtered Ti3CNTx film was broken into smaller bits, and added to acetone in a 
20ml glass vial. The mixture was bath sonicated for 5 hours. Once the Ti3CNTx 
dispersion in acetone was determined to be sufficient, an appropriate amount of DGEBA 
and PACM hardener were added to the acetone dispersion in the vial. This mixture was 
mixed in a Thinky rotational mixer for 10 minutes at 2000 RPM, and the vial was left out 
to dry in air at room temperature. This drying portion would allow the volatile solvent, 
acetone, to evaporate. Finally, the composite that had settled at the bottom of the vial was 
cured at 70°C for 4 hours and 160°C for at least 2 hours. Nacre-like composites were 
attempted to be synthesized via this method, and the MXene concentration varied 
between 10wt% to 90wt%.   
 
2.3.2 RTIL polymerization 
Multilayered Ti3C2Tx MXene was used to make epoxy nanocomposites via a 
laminar shear processing regimen that involved EMIM-DCN as the RTIL dispersant and 
hardener. The MXene was first dried at 120°C under vacuum to remove water, as it may 
20 
 
hinder epoxy cure. The dried powder was mixed with epoxy and the ionic liquid (17.6 
phr EMIM-DCN relative to EPON 828). The mixture was passed through a 3-roll mill 
(Torrey Hills T50), which had a 50mm roller diameter and roller speeds of 723, 394 and 
219 RPM. The roller speeds correspond to surface velocities of 1.89, 1.03 and 0.573 m/s. 
The shear experienced by the mixture was controlled by adjusting the nip width (the gap) 
between the rollers and the viscosity of the mixture. The processing regimen involved a 
variable nip width schedule.   
 
Table 2.1: Variable gap size of 3-roll mill used in the processing technique to make Ti3C2Tx-
epoxy composites. 
run number nip width (µm) 
1-4 80 
5-12 24 
13-22 6 
 
 
These nip widths were used for both rollers. The roller gap size was controlled by 
using a spacer as the rollers were being brought together. A sheet of paper was the spacer 
for the largest gap size, Celgard was the spacer for the intermediate gap, and a Mylar
® 
(BoPET) thin film used to cover x-ray fluorescence (XRF) sample cups was the spacer 
for the 6µm distance. After laminar shear processing, the mixture was degassed and 
thermally cured in molds at 80°C for 4 hours and 120°C for 3 hours. Epoxy 
nanocomposites were made with the Ti3C2Tx filler concentration as high as 20wt.%.  
A control sample was made with EPON 828 and PACM curing agent, which was 
first mixed in a rotational mixer, degassed and thermally cured at 80°C for 4 hours and 
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160°C for 2 hours. Some samples, which contained no RTIL, were also processed 
through the 3-roll mill. The processed epoxy mixture was then mixed with the PACM 
curing agent and cured in the same method as that used for the control. 
 
2.4 Characterization Techniques 
X-ray diffraction, XRD, patterns were obtained using Cu Kα radiation from a 
Rigaku SmartLab diffractometer (Tokyo, Japan). The step scans was set at 0.02° and 1s 
per step. Diffractograms of MXene powder particles were done by first pressing the 
powder by hand. The XRD of the epoxy nanocomposite parts was done on the polished 
side of a cured sample.  
Low and high resolution micrographs were taken using transmission electron 
microscopy (TEM) (JEOL-2100, Japan) at an acceleration voltage of 200kV. Colloidal 
solution of MXene flakes were dropcast onto 200-mesh lacey carbon copper grids. 
Composite samples were mounted in epoxy and allowed to cure for 24 hours. Samples 
were then microtomed to obtain cross-sectional images of the sample structure. 
Micromechanical properties of MXene-epoxy composite samples were measured 
using MTS Nano Indenter XP. Samples were mounted in an epoxy resin-hardner system 
for 24 hours. Mounted samples were then polished using silicon carbide grinding papers 
with increasing grit from 400, 800, then 1200. Samples were then polished further using 
3, 1, then 0.5 micron polishing cloth with corresponding diamond suspension solution. 
Nanoindentation was performed using a 5 micron spherical tip with 15-20 locations taken 
per sample. 
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Chapter 3: In Situ Polymerization of MXene-Epoxy Nanocomposites 
 
3.1 Design of Experiment 
 Nacre, otherwise known as mother of pearl, is a composite made up of a large 
quantity (up to 95wt.%) of platelet-like calcium carbonate (CaCO3) filler.
110
 An organic 
matrix exists between the fillers that maintains transverse integrity during slip, absorbs 
exceptionally high amounts of energy before failure, and exhibits crack deflection as a 
result of the high filler loading.
111,112
 The enhanced mechanical properties, such as 
increased fracture toughness and tensile strength, exhibited by this naturally-occurring 
material are due to its highly regular microstructure, and good adhesion between the 
matrix and filler.
111
 The potential property enhancements as a result of similar 
microstructures has led to increasing research on similar composites consisting of 
platelet-like fillers, such as CaCO3 platelets, boron nitride and graphene oxide 
nanosheets, and a variety of polymers as the organic matrix.
113-115
 In this thesis, epoxy 
nanocomposites with high quantities of Ti3CNTx were synthesized to obtain similar 
benefits.  
 
3.2 In situ polymerization 
 The delaminated Ti3CNTx film was dispersed in acetone, a volatile solvent used 
most often for in situ polymerization of epoxy composites, because of its low boiling 
point. This MXene was selected in particular because it showed the most promise in 
being dispersed in acetone. Ti3C2Tx dispersions in acetone only display short-term 
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stability, and begin to precipitate in a matter of days.
116
 In order to produce nacre-like, 
MXene-epoxy composites, a large quantity of the nanofiller with respect to epoxy was 
needed, and that signals a requirement for a large quantity of MXene dispersed in 
acetone, which is not possible with Ti3C2Tx. The dispersions of Ti3CNTx in acetone 
remain more stable in comparison. Followed by their dispersion in acetone, the epoxy 
resin and amine hardener were added in small quantities, in appropriate ratios to the filler.  
Even though research has shown promise in producing large scale delamination of 
Ti3CNTx
67
, only small quantities of the delaminated MXene could be effectively 
produced in a lab setting, and this meant only small amounts of the organic matrix were 
added. The result was an epoxy nanocomposite that could not be poured into a mold, both 
because only small amounts of the composite could be made and because high loading of 
Ti3CNTx increased the viscosity substantially. Instead, the composites had to be cured in 
the glass vial. If the MXene loading was low enough, it would cure in the form of small 
cylindrical discs. But at higher loadings, as the acetone evaporated, the composite cured 
in small pieces. An interesting observation is the formation of jelly-like substance as 
acetone evaporates, eventually becoming solid when all the acetone has evaporated. 
Characterization of these Ti3CNTx-epoxy composites was carried out by breaking the 
discs into pieces, or using the pieces themselves. These pieces would be mounted in 
epoxy for nanoindentation and TEM imaging. 
Figure 3.1(A) shows the load vs. displacement curves for Ti3CNTx-epoxy 
nanocomposites, and (B) shows the Young’s modulus values of this system in 
comparison to other epoxy composites made with nanofillers. The load vs. displacement 
curves show that the load required to indent 2µm into the composites lies between that 
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required to indent the neat epoxy and pure delaminated Ti3CNTx film. In other words, 
there is no enhancement of mechanical properties of epoxy, beyond that of the filler, due 
to loading of the MXene via this in situ polymerization method. This fact is more 
apparent from the mediocre Young’s modulus results. As filler loading increases, the 
modulus value only begins to approach the value for the delaminated Ti3CNTx film. No 
synergy between the matrix and the filler appears to exist, presumably as there is no 
covalent bonding between the filler and matrix exists, which prevents efficient stress 
transfer.    
 
  
Figure 3.1: (A) Load vs. displacement curve obtained from nanoindentation for Ti3CNTx-epoxy 
composites, with different filler loadings. (B) Young’s modulus for Ti3CNTx-epoxy, and other 
epoxy nanocomposites, as a function of filler content.   
 
 
 TEM images of the 50wt% composite, in Figure 3.2, shows that even though there 
are single layers of Ti3CNTx dispersed in the matrix, the more common feature is large 
Ti3CNTx particles that are still multilayered, seen in Figure 3.2(C-D). The processing 
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technique was not successful in completely exfoliating the multilayers into single layers 
of Ti3CNTx. This lack of dispersion of the MXene flakes is another reason for the poor 
mechanical performance observed from this composite. Combined with the lack of 
covalent bonding between the matrix and the filler, it is more likely that these Ti3CNTx 
clumps act similar to voids rather than as a reinforcement material. 
 
 
Figure 3.2: (A-D) TEM images of a 50wt% Ti3CNTx-epoxy composite, showing large Ti3CNTx 
particles that are not well dispersed or distributed through the matrix.   
 
 
3.3 Conclusions  
A combination of poor Ti3CNTx dispersion in epoxy, seen from TEM, and no 
covalent bonding between the epoxy matrix and filler is responsible for the lack of 
A 
C 
B 
D 
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mechanical property improvements. Moreover, since the filler is hydrophilic, it has poor 
wettability with the organic epoxy matrix, further hindering any potential stress transfer. 
As a result, the Ti3CNTx surface needs to be modified for better interaction with the 
epoxy matrix, in order to realize the potential property enhancements. It has to be noted 
that nanoindentation is unlikely to give a good representation of bulk properties of the 
material, due to the fact that the clumps of MXene that form are also on the same order of 
magnitude as the indent.  
The major limitation of trying to create nacre-like composites using MXene, via this 
synthesis technique, is that it is a cumbersome process, with limited potential for 
scalability. The harsh, and long, sonication will create many defects in the MXene, 
lowering property enhancements. The inability to process composite parts of various 
shapes and sizes via this technique as a result of small yield and large viscosity also 
severely hampers potential applications. Nonetheless, this work has shown the potential 
to use in situ polymerization to create epoxy nanocomposites with MXenes, especially at 
lower filler loadings. It has also shown the need for study on engineering surface 
terminations and functionalizing the MXene surfaces, in order to create covalent bonding 
between the filler and the matrix. 
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Chapter 4: Direct Preparation of Few Layer MXene-Epoxy Nanocomposites from 
Multilayered MXene     
 
4.1 Design of Experiment 
The previous chapter has shown the need for simpler methods of producing epoxy 
composites with MXenes, in order to realize their full potential in a variety of 
applications requiring property enhancements, such as higher toughness, conductivity or 
electromagnetic interference shielding. Scalable approaches of dispersing single-layer 
flakes of MXene in matrices from their multilayered precursors, without the need for 
delamination steps, is therefore a high priority. Recent work has shown imidazolium-
based room temperature ionic liquids (RTILs) are a unique system that offers 
opportunities for graphite exfoliation and dispersion
105-107
, and also polymerization of 
epoxies
5
. This means the RTIL can serve as a solvent for the filler and hardener for the 
epoxy matrix, eliminating the need for solvent removal during processing.
12,13
 
 The ability for RTIL to disperse graphite provides a thermodynamically stable 
suspension, but kinetic forces are still necessary to overcome interlayer attraction, and 
exfoliate it into graphene. Some examples used of this kinetic treatment are 
sonication
117,118
,  grinding
119
, twin-screw extrusion
120
, and ball-milling
121,122
. Sonication 
results in extreme local conditions at the nanoparticle surface due to frequency-
modulated compression/rarefication waves, that also feature violent cavitation and 
turbulent fluid flow.
123
 The conditions include pressure up to 1000 bar, temperature up to 
5000K, and cooling rates of more than 10K/s.
124
 Sonication works by first peeling off the 
peripheral layers from stacked nanoparticles, and requires a great deal of time to exfoliate 
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internal layers.
117
 Another method to shear the graphite layers, that is of special 
significance to this thesis, is the use of a 3-roll mill to provide laminar shear on the 
layers. It has been used in exfoliating graphite
14,125
 and dispersing nanoparticles
97,126,127
. 
Instead of chemical processing, an approach combining RTIL as the solvent and initiator, 
and laminar shear for kinetic treatment was used to synthesize Ti3C2Tx-epoxy 
composites. This same approach was used to synthesize graphene-epoxy composites from 
untreated graphite.
14 
Multilayered Ti3C2Tx MXene was mixed with EPON 828 and 1-
ethyl-3-methyl imidazolium dicyanamide (EMIM-DCN). The mixture was processed 
through the 3-roll mill to apply shear stress on MXene particles to exfoliate them, with 
the RTIL expected to minimize agglomeration or restacking of the flakes and to induce 
cure. And since RTIL is a latent initiator, leaving the mixture over months would not 
solidify it. 
The schematic in Figure 4.1 shows the path of the Ti3C2Tx- epoxy mixture 
through the 3-roll mill. The three rolls are the feed roll, center roll and apron roll, noted in 
the schematic as Fig. 4.1(B, C, F), respectively. The speed of the rolls increases at a ratio 
of 1:1.8:3.3, with the speed of the rolls set at 219, 394, and 723 RPM, respectively. This 
corresponds to velocities of 0.573, 1.03, and 1.89 m/s. The material starts from the feed 
region between the feed and center rolls, before moving towards the gap between the 
center and apron rolls, and either recirculates back to the feed region or is collected off 
the apron.In a 3-roll mill, the maximum shear stress occurs at the nip, the region between 
adjacent rollers. A tradeoff occurs between having a large nip width for high throughput, 
and a small nip width for high applied shear stress. A variable nip width processing 
regimen in which the nip width narrows successively, and shear increases, is used. The 
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MXene-epoxy-RTIL mixture passed through the mill 22 times: 4 passes at 80µm roller 
gap, 8 passes at 24µm gap and finally 10 passes at 6µm gap.  
 
 
Figure 4.1: A schematic showing how a 3-roll mill functions. Adapted with permission from [14]. 
The sample is poured into the feed region (A) between the feed (B) and center (C) roll. As a result 
of the gap size, only some of the material passes through the first nip (D), with most of it 
remaining in the feed region. The material then flows through the second nip (E) between the 
center and apron (F) rolls. Here the material is either collected by an apron (G), or is 
recirculated into the feed region.
 
 
4.2 Theory 
In a 3-roll mill, the velocity differential between adjacent rolls applies shear stress 
on the material flowing between it. The standard equation for Couette flow can be used to 
calculate shear stresses experienced by the material, assuming static, isobaric and laminar 
flow between parallel plates. According to this equation, the fluid shear stresses ( ) is a 
function of material viscosity ( ), roller velocities (         ), and nip width ( ). The 
Couette flow equation is: 
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The value from this is the approximate shear stress, and can be compared with the 
interlayer coupling energies between adjacent layers of the multilayered Ti3C2Tx.
 
Simulations have suggested that the primary mode that holds the this MXene in its 
stacked conformation is a combination of intermolecular interactions and hydrogen 
bonding.
128
 The binding energies of the multilayered Ti3C2Tx is expected to be 2 to 6 
times stronger than that of graphite and MoS2, both of which have weak interlayer 
coupling in the form of van der Waals interaction. The interlayer shear stresses (ISS) of 
graphite have been experimentally shown to range from 0.5
129
 to 140
130
 MPa. The lower 
values are due to variations in layer interactions resulting from deviations from the ideal 
AB stacking. Weaker graphite layers in the crystal were being sheared at the low shear 
stresses. Throckmorton et al. demonstrated delamination of graphene layers using laminar 
shear stress achieved by processing an RTIL-epoxy-graphite mixture through a 3-roll 
mill, which achieved approximate shear stresses of more than 140 MPa.
14
  
In comparison to graphite, theoretical calculations suggest that Ti3C2Tx has ISS 
around 280-840 MPa, with the variations resulting from different surface terminations. 
Bare nanosheets are expected to have stronger binding energies, while –F and –O 
terminated Ti3C2Tx nanosheets produce lower ISS values.
128
 The synthesis technique 
used does not provide control over the final surface terminations, but a random 
combination of -O, -F and -OH surface terminations are expected. In order to maximize 
shear according to the Couette flow equation, high roller velocities, low nip widths, and 
high MXene loadings are used to delaminate Ti3C2Tx in situ. For this study the MXene 
loading used was as high as 20wt.%, to increase viscosity. Even though such high filler 
loadings are made, the final part need not contain such a high percentage of Ti3C2Tx, and 
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rather it can be diluted by the addition of the other components of the composite to obtain 
the desired ratio. X-ray diffraction (XRD) and transmission electron microscopy (TEM) 
were conducted on the final, cured epoxy composites to study the nature of the Ti3C2Tx 
dispersion. Moreover, viscosity measurements were carried out to determine approximate 
shear stresses achieved via the processing regimen.  
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Figure 4.2: XRD patterns for neat epoxy, multilayered Ti3C2Tx dried at 120°C, and a cured 
10wt.% Ti3C2Tx-epoxy-RTIL composite.    
 
4.3 Shear Processing 
Figure 4.2 shows XRD patterns of the neat epoxy, dried multilayered Ti3C2Tx, 
and cured composite sample containing 10wt.% Ti3C2Tx. The epoxy has a broad peak 
around       , while the MXene powder had distinct (002), (004) and (110) peaks at 
about           and    , respectively. The d-spacing is the distance between adjacent 
planes in the material, which means the (002) peak corresponds to the distance between 
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two adjacent Ti3C2Tx layers. The (110) peak is a result of ordering in the non-basal 
directions. Other peaks are present, are commonly observed in multilayered MXenes, and 
are not indexed here. After processing of the composite mixture through the 3-roll mill, 
and its curing, the (002) peak shifted from approximately       to         , but the 
(110) peak was still present. When delamination of MXenes occurs into their single 
layers, the (110) peak disappears, or at least decreases substantially, as there is no longer 
any non-basal ordering. After 3-roll mill processing, the presence of the (110) peak 
means that single layers of Ti3C2Tx were not successfully exfoliated. Instead, the d-
spacing had increased from about 9.8 Å to approximately 13.5 Å. The Ti3C2Tx 
multilayers had swelled after 3-roll mill processing. 
Figure 4.3(A) depicts XRD patterns for other Ti3C2Tx loadings produced via the 
same method, using both epoxy resin and RTIL. Even at a higher loading fraction of 
20wt.%, the nanocomposite still had the (110) peak and also a similar (002) peak shift. 
The 1wt.% composite sample did not give any discernible (002) or (110) peaks, most 
likely because the Ti3C2Tx loading was not sufficient to yield any signal. It can be 
theorized that delamination occurred as no Ti3C2Tx peaks are observed, but conductivity 
measurements of the sample gave no value. At 1wt.%  Ti3C2Tx, some conductivity 
increases are expected, but since none were observed it signals that delamination of the 
Ti3C2Tx did not occur. Figure 4.3(B) zooms in on the (002) peak of the 10 and 20wt.% 
composites. The 20wt.% Ti3C2Tx sample has 2 distinct peaks at       and      of 
equal intensity, while the 10wt.% has a much stronger peak at        . An increase of 
about 4-4.5Å has occurred between adjacent Ti3C2Tx layers in the composites, even as 
the multilayered structure remains.  
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Figure 4.3: (A) XRD patterns for cured 1, 10 and 20wt% Ti3C2Tx-epoxy-RTIL composites, along 
with neat epoxy and pure MXene. (B) XRD pattern of multilayered Ti3C2Tx dried at 120°C, and 
cured 10 and 20wt.% Ti3C2Tx-epoxy-RTIL composite, focusing on their (002) peaks. 
 
 
Figure 4.4 and 4.5 show TEM images obtained for 10 and 20wt.% Ti3C2Tx-epoxy 
composites, respectively. The images further show that multilayered MXene particles are 
suspended in the matrix. Starting from MAX phase particles that are less than 75µm in 
size, to eventually ending with Ti3C2Tx particles consisting of about 5-20 layers in the 
A 
B 
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composites, shows that the HF acid etching and 3-roll mill processing significantly 
decreased particle size. But exfoliation of single flakes was not achieved via this 
synthesis technique. TEM also shows that intercalation of the Ti3C2Tx layers has taken 
place. But single layers of the Ti3C2Tx filler were not observed suspended in the matrix. 
This is in good agreement with results from XRD. 
 
 
    
     
Figure 4.4: (A-D) TEM images obtained for a 10wt.% Ti3C2Tx-epoxy-RTIL composite. 
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Figure 4.5: (A-D) TEM images obtained for a 20wt.% Ti3C2Tx-epoxy-RTIL composite. 
 
 
In order to understand why delamination of the Ti3C2Tx single layers did not 
occur, viscosity readings of the Ti3C2Tx-epoxy-RTIL mixture were taken before curing. 
Figure 4.6 shows the viscosity readings of the 1 and 20wt.% Ti3C2Tx-epoxy-RTIL 
mixture after passing through the 3-roll mill. Addition of 1wt.% of the filler results in a 
decrease in viscosity, but as filler content increases to 20wt.%, the viscosity increases. 
The viscosity of the epoxy-RTIL and the composites mixture does not show a strong 
trend as a function of shear rate, with the 20wt.% mixture showing signs of shear 
thinning behavior. Colloidal suspensions with high aspect ratio particles show a strong 
shear thinning effect, with viscosity decreasing drastically with increasing shear rate, 
because of the alignment of the particles in the direction of flow.
131
 Similarly, if Ti3C2Tx 
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single layer flakes were suspended in the matrix, a strong shear thinning effect should 
have been observed for the mixture after 3-roll mill processing.  
 
 
Figure 4.6: Viscosity readings of EPON 828 and EMIM-DCN mixture, and of 1 and 20wt.% 
Ti3C2Tx-epoxy-RTIL mixture after 3-roll mill processing are seen as a function of shear rate.   
  
 
 Using the viscosity readings taken at 25°C, the approximate shear stress on the 
Ti3C2Tx particles in the mixture during 3-roll mill processing was calculated. Figure 4.7 
shows the shear stresses experienced by a pure epoxy-RTIL and a 20wt.% Ti3C2Tx-
epoxy-RTIL mixture. Passing through a nip width of 6µm, the pure mixture experiences 
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630 MPa of shear stress, while the Ti3C2Tx particles in the 20wt.% composite experience 
about 860 MPa of shear. The calculated shear stresses are an approximate value, as the 
mixture viscosity decreases with increasing shear rate, a fact not taken into consideration. 
Hence, the applied shear stresses were lower than calculated. Even then, at shear stresses 
greater than 500MPa, some Ti3C2Tx exfoliation was expected. The fact that this was not 
observed suggests the shear stress needs to be increased. This was achieved by processing 
Ti3C2Tx composites through the 3-roll mill without any RTIL, and curing the mixture 
using PACM hardener. 
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Figure 4.7: Approximate applied shear stress experienced by an epoxy-RTIL mixture, and by 
Ti3C2Tx particles suspended in a 20wt.% Ti3C2Tx-epoxy-RTIL composite.    
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 Figure 4.8 depicts XRD patterns obtained for 5 and 20wt.% Ti3C2Tx-epoxy 
nanocomposites which were processed through the 3-roll mill without the use of RTIL. 
The (002) peak is still visible for both composites at the same    as that of the multilayer 
Ti3C2Tx. The signal for the 5wt.% composite is weaker, and hence the (002) and (110) 
peaks appear absent, but they are in fact still present at the same    as Ti3C2Tx. The 
presence of the (002) and (110) peaks is more clearly observed for the 20wt.% specimen. 
This synthesis technique, which involved no RTIL, showed no interaction between the 
epoxy matrix and the Ti3C2Tx filler. The Ti3C2Tx particles appear to still be in their 
multilayer state after processing.  
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Figure 4.8: XRD patterns for Ti3C2Tx composites processed through the 3-roll mill without any 
RTIL, and cured with PACM hardener.    
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 Figure 4.9 demonstrates the viscosity of mixtures produced using the original and 
modified method. EPON 828 has a viscosity at 25°C of more than 10 Pa s. If 20wt.% 
Ti3C2Tx is mixed only with the epoxy resin for processing, its viscosity increases by a 
factor of 30. If RTIL is added to this mixture, the viscosity becomes lower by a factor of 
50, around 6Pa s. Both the 20wt.% Ti3C2Tx-epoxy mixtures with and without RTIL 
demonstrate some shear thinning behavior, but that behavior is not pronounced, 
suggesting single layers of Ti3C2Tx were not successfully exfoliated.  
 
 
Figure 4.9: Approximate applied shear stress experienced by EPON 828, Ti3C2Tx particles 
suspended in a 10wt.% Ti3C2Tx-epoxy-RTIL composite, and Ti3C2Tx particles suspended in a 
20wt.% Ti3C2Tx-epoxy composite, during 3-roll mill processing. 
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Figure 4.10: Approximate applied shear stress experienced by the pure EPON 828 resin, and by 
Ti3C2Tx particles suspended in a 20wt.% Ti3C2Tx-epoxy only mixture. 
  
Figure 4.10 shows the approximate values for laminar shear stresses on the 
Ti3C2Tx particles suspended in a 20wt.% Ti3C2Tx-epoxy mixture. At the lowest gap size 
between the rollers, the shear stress value is calculated to be about 49 GPa, in comparison 
to laminar shear around 1.5 GPa for the pure epoxy resin, were it to be processed through 
the 3-roll mill. The Ti3C2Tx-epoxy mixture experiences shear stresses that are about 50 
times that of the Ti3C2Tx-epoxy-RTIL mixture, at the same Ti3C2Tx loading. It has to be 
stated that a shear value of 50GPa is meaningless, as the assumptions taken into account 
probably account for such a high value. Even then, the shear stresses are more than 
sufficient in theory to exfoliate single layers of Ti3C2Tx via the 3-roll mill processing 
regimen. The XRD patterns still show all the Ti3C2Tx peaks suggesting no exfoliation. 
This means that the shear stress was not transferred to the MXene particles, as at shear 
stress that is more than theoretically predicted interlayer coupling, should exfoliate 
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layers. Hence, shear stress transfer efficiency needs to be increased to produce optimum 
composites.  
TEM images of the 20wt.% Ti3C2Tx-epoxy composites are shown in Figure 4.11. 
The Ti3C2Tx layers have a well ordered structure in this composite, with no interruption 
of the stacking. The appearance of the Ti3C2Tx layers in this composite are in contrast to 
TEM images of composites processed with RTIL, as it is apparent that no intercalation 
has taken place as well. It is hypothesized that no interaction between Ti3C2Tx and epoxy 
exists, and hence processing through the 3-roll mill produces no discernible impact on the 
stacking of Ti3C2Tx. The addition of RTIL to the composites induces interactions 
between the filler and matrix upon cure, resulting in the increase in d-spacing.    
 
  
  
Figure 4.11: Approximate applied shear stress experienced by the pure EPON 828 resin, and by 
Ti3C2Tx particles suspended in a 20wt.% Ti3C2Tx-epoxy only mixture.    
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 Considering that the addition of RTIL to the Ti3C2Tx-epoxy system causes 
swelling of the Ti3C2Tx layers, as a result of some intercalation reaction, a Ti3C2Tx-
epoxy-RTIL specimen was made without any 3-roll mill processing. The mixture was put 
in a rotational mixer for 15 minutes at 2000RPM, and cured. Figure 4.12 gives the XRD 
pattern for this sample. This composite, like other composites made with RTIL, showed a 
shift of the (002) peak, indicating intercalation between Ti3C2Tx layers. The inset shows 
that in the specimen with no 3-roll milling, the (002) peak at         is stronger than 
that at   , similar to the 10wt.% Ti3C2Tx-epoxy-RTIL specimen. The 20wt.% Ti3C2Tx-
epoxy-RTIL sample meanwhile had similar intensities for both the (002) peaks.  
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Figure 4.12: XRD patterns of Ti3C2Tx multilayer, 10 and 20wt.% Ti3C2Tx after 3-roll mill 
processing, and 20wt.% Ti3C2Tx with no post processing. Inset shows details of (002) peak.    
  
Figure 4.13 shows the XRD pattern obtained for Ti3C2Tx powder that was mixed 
with the RTIL for 30 minutes, and then filtered. It shows the same peak shift to     
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6.5°, which corresponds to an increase of about 4 Å. The interaction of an imidazolium-
based room temperature ionic liquid, that is the same cation as the one used in this study, 
resulted in a similar peak shift in an earlier study.
132
 In that study, the intercalation of the 
EMIM-based ionic liquid that resulted in d002 spacing increase of more than 4 Å, was 
linked to cation intercalation, as the cation had a size of around 4.4 Å. A similar 
observation in this work suggests a similar reason for the intercalation behavior observed, 
even though the anion in the RTIL used is different. The interaction between Ti3C2Tx and 
RTIL then corresponds to the observed (002) peak shift from around        to    °. 
 
 
Figure 4.13: XRD patterns of multilayered Ti3C2Tx, Ti3C2Tx powder mixed with the RTIL, and a 
cured Ti3C2Tx-epoxy-RTIL composite made with not 3-roll mill processing.    
 
 
 The ionic liquid dispersant/hardener induces intercalation of the between the 
Ti3C2Tx layers in the composites regardless of processing method. But the reason for the 
1 
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other (002) peak shift, that is to      , is still not known. This higher d-spacing may 
correspond to epoxy intercalation, and not only RTIL intercalation. It was only observed 
only for the 20wt% Ti3C2Tx-epoxy-RTIL sample, and not even the 10wt% sample, after 
3-roll mill processing. This means shear stress still plays a part in enhanced Ti3C2Tx 
intercalation, as the shear stress on the former is greater than on the latter, owing to a 
higher viscosity from a higher Ti3C2Tx loading.  
The next step pursued was to enhance shear stress transfer in RTIL containing 
composites, in order to take advantage of the RTIL intercalation that allows for the 
potential intercalation of epoxy. Both the RTIL and DGEBA monomers are small, and 
hence are unable to transfer the shear stress to the Ti3C2Tx particles effectively. In 
response, the mixture of Ti3C2Tx-epoxy-RTIL was first cured at 100°C for 30 minutes 
and then quenched, before processing through the 3-roll mill. The RTIL is a latent curing 
agent, and so only at this higher temperature, some opening of the oxirane ring occurs, 
leading to chain extension, and leading to some crosslink formation as well. This step is 
referred to as pre-curing, and samples made using this method are referred to as pre-cured 
Ti3C2Tx-epoxy-RTIL composites. The idea behind pre-curing the mixture is that the chain 
extension of the epoxy results in better shear stress transfer, and more Ti3C2Tx cleavage, 
when processed through the 3-roll mill. The mixture is then cured like other RTIL 
composites. 
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Figure 4.14: XRD patterns of (i) multilayered Ti3C2Tx, (ii) composite made with 20wt.% Ti3C2Tx 
dispersed in pre-cured epoxy-RTIL mixture, (iii) 20wt.% Ti3C2Tx-epoxy-RTIL composite made 
using rotational mixer, and (iv) 20wt.% Ti3C2Tx-epoxy-RTIL composite made using 3-roll mill. 
 
Figure 4.14 illustrates the XRD pattern obtained for a pre-cured 20wt.% Ti3C2Tx-
epoxy-RTIL sample, in comparison to the XRD patterns of other RTIL composites. 
Figure 4.15 zooms in on the (002) peaks for these composites. An increase in the d-
spacing of the Ti3C2Tx is apparent, but what is more interesting is that the (002) peak at 
        is very small in comparison to the       peak. A majority of the Ti3C2Tx 
particles are not only intercalated by RTIL, but also by something else that results in a d-
spacing increase of about 5 Å. We hypothesize this may be a result of epoxy intercalation 
as well, but this assertion is not certain and needs to be tested. One observation in support 
of this hypothesis is that the pre-cured composite is the only composite in this whole 
thesis which yielded a conductivity value, of about          . This value is not great, 
but is a step in the right direction, as all the other composites gave no readings. The 
observation of some conductivity may demonstrate the beginnings of the formation of a 
percolating network, suggesting delamination of multilayered Ti3C2Tx. 
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The XRD patterns also show that pre-curing of the mixture before 3-roll mill 
processing results in the most significant decrease of the (110) peak, as compared to the 
other sample. But the (002) peak does not disappear. Figure 4.16 shows TEM images 
obtained for this pre-cured sample. Again, multilayer Ti3C2Tx sheets can be seen. The 
intercalation between the layers can also be clearly seen via TEM. Table 4.1 summarizes 
the shifts in d002 spacings observed in this study. Use of RTIL in making the composites 
causes intercalation between the Ti3C2Tx layers of about 4 Å. After application of 
sufficient shear, the d-spacing increases even further to 5 Å, as a result of intercalation of 
another material, which is not yet precisely known but suggested to be epoxy.  
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Figure 4.15: XRD patterns zooming in on (002) peaks observed for (i) multilayered Ti3C2Tx, (ii) 
20wt.% Ti3C2Tx-epoxy composite made with PACM, (iii) 20wt.% Ti3C2Tx-epoxy-RTIL composite 
made using 3-roll mill, (iv) 20wt.% Ti3C2Tx-epoxy-RTIL composite made using rotational mixer, 
and (v) 20wt.% Ti3C2Tx dispersed in pre-cured epoxy-RTIL mixture. 
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Table 4.1: Shift in the d-spacing of the Ti3C2Tx particles after addition of only the RTIL, and after 
shear processing through the 3-roll mill of the MXene-epoxy-RTIL mixture. 
Sample Name    d002 spacing 
ML – Ti3C2Tx          
Ti3C2Tx + RTIL                     
Ti3C2Tx + RTIL + epoxy                      
 
 
  
  
Figure 4.16: (A-D) TEM images for pre-cured 20wt.% Ti3C2Tx-epoxy-RTIL mixture.   
 
Processing of the Ti3C2Tx-epoxy-RTIL mixture through a 3-roll mill, despite 
various enhancements, has not yielded exfoliated flakes of Ti3C2Tx dispersed in the 
epoxy matrix. Even the composite produced using the most promising processing 
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regimen demonstrates the (002) pea, while the (002) peak should disappear if single 
layers of Ti3C2Tx were dispersed in the matrix. 
  
4.4 Conclusions 
The primary conclusion of the study of Ti3C2Tx-epoxy-RTIL composites is that 
the Ti3C2Tx particles demonstrate interesting interactions with the RTIL solvent. Curing 
of the mixture, regardless of the mixing technique, yielded intercalation between Ti3C2Tx 
flakes by the epoxy matrix, causing the Ti3C2Tx multilayers to swell by more than 4Å. 
Ti3C2Tx-epoxy composites that were synthesized without the RTIL did not show this 
intercalation behavior. The mode of this interaction is most likely the cation of the RTIL 
interacting with Ti3C2Tx, which is negatively charged because of its surface terminations. 
After application of sufficient shear, this initial intercalation allows maybe even epoxy 
intercalation. 
The goal of this study was to create nanocomposites of Ti3C2Tx single layers in an 
epoxy matrix, but this could not be achieved. The application of laminar shear 
demonstrated exfoliation of graphene layers from graphite powder in a similar study. The 
failure to achieve this in the study shows that mechanical exfoliation of Ti3C2Tx does not 
solely depend on applied shear stress. Approximately 1 to 50 GPa of laminar shear 
stresses were applied on the Ti3C2Tx layers, to no avail, because of poor shear stress 
transfer. The particle size of the Ti3C2Tx did decrease from being on the order of tens of 
microns to becoming tens of nanometers large after processing. Promisingly, the pre-
cured Ti3C2Tx-epoxy-RTIL mixture showed a significant decrease in the (110) peak of 
the final composite. If additional pre-cure is carried out, such that epoxy chains are longer 
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and have more crosslinks, exfoliation of Ti3C2Tx single layers dispersed in epoxy, via this 
method, is possible. The exfoliation is aided by the initial intercalation of the EMIM-
DCN RTIL, and is similar to how solutions of delaminated single-layer flakes of Ti3C2Tx 
in water are obtained. One step involves intercalation by dimethyl sulfoxide (DMSO) 
followed by addition of water and sonication, to produce a solution of dispersed Ti3C2Tx 
flakes. Similarly, the RTIL intercalates between layers, and after sufficient mechanical 
processing, the possible intercalation of epoxy and some Ti3C2Tx exfoliation occurs. 
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Chapter 5: Summary and Outlook 
  In this thesis, the synthesis of MXene-epoxy nanocomposites was investigated. 
Two different methods of synthesizing the composites were studied. A traditional in situ 
polymerization method, which involved dispersing single layers of MXene in acetone, 
was used to synthesize Ti3CNTx-epoxy composites. The other technique was studied to 
create a more scalable and streamlined approach of synthesizing Ti3C2Tx-epoxy 
composites from multilayered Ti3C2Tx sheets, via the application of laminar shear stress.  
In the case of the in situ polymerization, composites with high loadings of 
Ti3CNTx, by weight up to 90%, were made in order to create an artificial nacre-like 
structure. The high weight fraction resulted in the synthesis of only small amounts of the 
material, and the high viscosities of the mixtures inhibited flow meaning composites 
could not be cured in the shape of molds, but rather as pieces at the bottom of a vial. 
Nanoindentation results and TEM images showed limited synergy between the filler and 
the matrix. The Young’s modulus of the composite increases as filler loading increases, 
but this modulus value only approaches that of the pure Ti3CNTx film, suggesting poor 
stress transfer efficiency as no synergy occurs. This shows no covalent bonding between 
the Ti3CNTx flakes and the epoxy exists. Even though some single layer exfoliation was 
observed, Ti3CNTx aggregates were also observed. This process was also time-
consuming and energy intensive, which makes this method unsuitable for commercial 
applications.  
 Another approach taken involved the application of laminar shear to a mixture of 
Ti3C2Tx multilayers and epoxy in order to exfoliate the filler into single layers. This 
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method has the promise of being more scalable and streamlined. A room temperature 
ionic liquid, EMIM-DCN, was used as the dispersant and the curing agent for this 
system. The results from XRD and TEM show that the laminar shear processing method 
was unable to exfoliate single layers Ti3C2Tx, and multilayered particles were still 
observed. Intercalation of the Ti3C2Tx multilayers did occur, and was confirmed by both 
XRD and TEM. The most likely explanation is that the interaction between the cation of 
the RTIL and Ti3C2Tx occurs, which results in the intercalation of the cation between 
subsequent layers. The most promising trial using the laminar shear technique required 
curing some of the epoxy monomer with the RTIL, without completely curing the 
mixture, so that the larger chains would be better equipped to cleave the Ti3C2Tx layers. 
While single layers of Ti3C2Tx were not exfoliated, a large drop in the (110) peak was 
observed, corresponding to a lowering of the order of the Ti3C2Tx particles. The shear 
stress applied also caused a larger shift in the d-spacing than when only RTIL 
intercalation occurs, suggesting that maybe even some epoxy has intercalated between 
layers. But this needs to be studied in more detail.   
Outlook 
 First and foremost, the epoxy monomer and RTIL mixture should be pre-cured to 
a greater extent, while ensuring that the mixture can still be processed. Passing this 
mixture through the 3-roll mill may have the most promise in successfully exfoliating 
Ti3C2Tx layers. Moreover, since the RTIL is a latent curing agent, the pre-cured mixture 
can be left idle without fear of its curing. Next, other methods need to be developed that 
allow production of epoxy composites with single layers of MXene as the filler. The 
volatile solvent used in the in situ polymerization technique was acetone which has a very 
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low boiling point, and hence is most suitable to make composites. But this acetone is not 
viable for some other MXenes, so other solvents for MXenes need to be studied for 
dispersing MXene flakes in epoxy. The resulting epoxy composites can be tested for used 
for a wide variety of applications, depending on the property improvements they offer.  
Another work that can be conducted in the future is studying the effect of surface 
terminations of MXenes on the synergy between MXene and the epoxy matrix. This work 
has shown limited or no covalent bonding between Ti3CNTx and the epoxy matrix, and 
wettability is assumed to be poor. As a result, composites consisting of the MXenes and 
epoxy will show limited improvements, if the filler acts as a void since no bonding exists. 
When making fiber reinforced composites, the carbon or glass fibers have to be sized, 
using a proprietary blend of chemicals, so that bonding between the fiber and matrix is 
strong. This allows these fiber composites to have significantly improved mechanical 
performance. Similarly, in order to improve the performance of MXene-epoxy 
nanocomposites, the surface of the MXenes needs to be sized.  
Lastly, the interaction between the RTIL and Ti3C2Tx, and other MXenes, needs 
to be evaluated. In this thesis, the Ti3C2Tx-epoxy-RTIL system did not yield single 
layered Ti3C2Tx dispersed in epoxy. But the proposed interactions between the negatively 
charge layers of Ti3C2Tx and the imidazolium cation of the RTIL, and their intercalation 
behavior, suggests that the RTIL can be used to delaminate Ti3C2Tx. Ionic liquids have 
delaminated graphene before, and if suspensions of single- or few-layer flakes of 
MXenes in RTIL can be obtained, then more promising MXene-epoxy nanocomposites 
can be produced as well. 
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